Introduction {#Sec1}
============

Severe acute respiratory distress syndrome-associated coronavirus-2 (SARS-CoV-2), the etiologic agent of coronavirus disease 2019 (COVID-19), was initially identified in the Hubei province of China in December 2019 \[[@CR1]\] and declared a pandemic by the World Health Organization in March 2020 \[[@CR2]\]. As of July 5, 2020, there have been nearly 11.5 million confirmed cases worldwide and over 500,000 deaths. In the USA, there have been over 2.8 million confirmed cases, with New York City alone reporting just over 216,000 confirmed cases and nearly 24,000 deaths. Italy has recorded over 240,000 cases and just under 35,000 deaths (<https://coronavirus.jhu.edu/>).

SARS-CoV-2 is a coronavirus which utilizes angiotensin converting enzyme 2 (ACE2) as a source of cellular entry, as do the coronavirus agents of SARS and Middle East respiratory syndrome (MERS). ACE2 is expressed in lung alveolar cells, bronchial epithelium and vascular endothelial cells explaining why the respiratory tract and lung serve as a primary point of viral entry \[[@CR3]--[@CR5]\]. Indeed, while COVID-19 has been shown to impact a variety of organ systems \[[@CR6]--[@CR9]\], respiratory system pathology predominates with mortality linked primarily to acute respiratory distress syndrome (ARDS) \[[@CR3]\]. Patients experience marked abnormalities in the coagulation system, particularly elevated D-dimer levels, which predispose patients to thrombotic disease \[[@CR10]\]. Pro-inflammatory cytokines such as interleukin-6 (IL-6) are also elevated, similar to that seen in sepsis-induced ARDS in general \[[@CR11]\]. While COVID-19 patients experience ARDS, many retain high levels of respiratory compliance in spite of the presence of severe hypoxemia, which is atypical in classic ARDS \[[@CR12]\]. Radiologic evaluation of COVID-19 cases has similarly shown findings generally described as being more akin to organizing pneumonia, particularly in the earlier phases of the disease \[[@CR13], [@CR14]\]. Such disparate clinical and radiographic findings compared to classic ARDS would suggest the pulmonary pathology of COVID-19-related ARDS has different histologic features than those typically seen in association with non-COVID-19 ARDS.

Autopsy reports of the lungs in COVID-19 to date have primarily shown diffuse alveolar damage (DAD) or acute lung injury. The pulmonary autopsy findings are primarily limited to case reports or single center cohort studies, with one exception \[[@CR15]--[@CR26]\]. More recent findings have reported a wider spectrum of histological lesions involving both the epithelial and vascular components in lung and other organs. This has led to an increased awareness of the intrinsic complexity of the disease.

The aim of this study is to systematically evaluate a large number of lung autopsy specimens from multiple institutions (two in New York City covering the boroughs of Manhattan, Queens, and Brooklyn and one from North Italy covering a part of the Veneto region) to provide insight into the pathological underpinnings of the disease.

Material and methods {#Sec2}
====================

Study population {#Sec3}
----------------

This is a multicenter retrospective study of 68 consecutive COVID-19 autopsies performed in 3 centers (New York Presbyterian-Weill Cornell Medicine---WCMC, NYC, USA (*n* = 23), Mount Sinai Hospital---MSH, NYC, USA (*n* = 25) and University Hospital of Padova---UHP, IT (*n* = 20))---and conducted in accordance with the principles of the Declaration of Helsinki and approved by local Medical Ethical Committee of the three referral centers. Written informed consent for autopsy study was obtained from next of kin and this was the sole selection criterion. According to the New Coronavirus Pneumonia Prevention and Control Program (7th edition), the diagnosis of COVID-19 was confirmed by nucleic acid testing of nasopharyngeal swabbed secretion, radiologic features of viral pneumonia, and clinical symptoms. Relevant laboratory values were recorded; however, several patients died prior to laboratory testing.

Lung tissue sampling, processing, and analysis {#Sec4}
----------------------------------------------

Lung tissue was obtained from autopsies with a postmortem interval ranging from 1 to 16 days during March 19 to April 25, 2020 (see [Supplemental material](#MOESM1){ref-type="media"}). A median of 19 (from 8 to 30) lung tissue blocks including subpleural and central parts, were sampled, along with transverse tracheal and bronchus sections. Full thoracic and abdominal autopsies were performed in 63 cases, chest only in 3 cases, and 2 were lung tissue only. In 66 cases, all lung lobes were samples, including central and peripheral areas. In two cases, large postmortem lung wedge samples were taken from all lobes on the right, but tracheal sections were not taken and entire lungs could not be weighed. In one case, dense adhesions precluded accurate lung weights, but all lobes were sampled. Tissue specimens were fixed in 10% formalin, or Karnowsky for electron microscopy (EM), for 48--72 h. Hematoxylin and eosin stain was performed, and special stains to highlight microorganisms (e.g., Gram, Warthin Starry, and Grocott stain) were carried out in all WCMC cases, and in selected cases at other sites. EM was performed in 14 lung and tracheal tissues using a transmission electron microscope (TEM, HT-7800, Japan). Immunohistochemistry was carried out on selected cases to characterize the platelet component of microthrombi (CD61 clone 2F2, Leica Biosystems, IL) and to identify SARS-CoV-2 viral spike protein (Genetex clone 1A9 at 1:75 dilution with 20-min antigen retrieval at pH 9.0 on Leica Bond III automated instrument). SARS-CoV-2 RNA was detected in trachea and lung by RNAscope^®^ technology (Advanced Cell Diagnostics, Newark, CA), using SARS-CoV-2 2019-S (cat. 848561), for detection of viral spike protein-encoding RNA. RNA integrity was assessed using a probe targeting the *UBC* (Ubiquitin C) housekeeping gene. Overall, 23 cases were examined for spike protein IHC, and all positives were confirmed using RNA in situ for spike protein-encoding RNA. In addition, five cases of non-SARS-CoV-2 with ARDS were included as negative controls for both immunohistochemistry and in situ hybridization.

Postmortem lung tissues from six cases were available for viral isolation. Briefly, virus isolation was performed using African green monkey kidney (Vero) cells. When a diffuse, refractile, rounding, cytopathic effect was noted, the Vero cell culture supernatant was passaged to a fresh Vero cell culture tube to ensure reproducibility of the cytopathic effect. SARS-CoV-2 in the supernatant was further confirmed by reverse transcription polymerase chain reaction using primers described previously \[[@CR27]\].

Histological evaluation was performed by two pathologists from WCMC and UHP on each case, and one from MSH (WCMC---ACB, SPS, UHP---FC, FP, MSH---MBB) and selected specimens were scanned by whole-slide image technique using an Aperio slide scanner with resolution of 0.24 μm/pixel. Image files of six cases total from UHP and WCMC were uploaded on a Leica hosted web-based site after de-identification to establish concordance of the grading system using shared scoring sheets and iterative discussions. To establish the criteria, FC and FP scored all cases blindly with a kappa of 0.6--1 (Cohen kappa) for the various criteria.

Histologic features were evaluated for presence and graded on extent: absent: 0; focal ≤50% and diffuse: \>50% of examined lung tissue. The presence of other concomitant lung lesions was also recorded (see [Supplemental material](#MOESM1){ref-type="media"}). For microthrombi, small arteries were defined as \<1.0 mm; the term "mid-sized pulmonary vessels" was used for those larger than 1.0 mm, often grossly visible, but not pulmonary emboli of main pulmonary artery.

Statistical analysis {#Sec5}
--------------------

Data that were normally distributed are presented as mean (SD); data not having a normal distribution are presented as medians (ranges). Categorical variables are summarized as counts and percentages. All data were analyzed with Statistica, version 13 (StatSoft).

Results {#Sec6}
=======

Clinical data {#Sec7}
-------------

Clinical characteristic and laboratory results of patients are summarized in Table [1](#Tab1){ref-type="table"} and listed by case in [Supplemental material](#MOESM1){ref-type="media"}. The 68 COVID-19 patients included 47 males (69%) and 21 (31%) females with a median age of 73 years (overall range 30--96 years; interquartile range, 60--82 years). Smoking status was known in 82% of cases; only 3 patients (5%) were active smokers and 18 (32%) former smokers.Table 1Main clinical data of the study population.ParametersParametersAge (year), median (Q1--Q3)73 (60--82)Co-morbidity, *n* (%)Gender, *n* (%)Absent2 (3%) Males47 (69%)18 (12%) Females 21 (31%)215 (22%)≥341 (60%)NA2 (3%)Race, *n* (%)Treatment, *n* (%) White38 (56%)Anticoagulant18 (26%) Hispanic17 (25%)Antiviral1 (2%) Black7 (10%)Immunomodulant7 (10%) Asian2 (3%)Anticoagulant + antiviral6 (9%) Other4 (6%)Anticoagulant + immunomodulant25 (37%)Only supportive11 (16%)Smoke, *n* (%) Yes3 (4%)Days intubated, median (Q1--Q3)0 (0--5) Former18 (26%) No35 (52%) NA12 (18%)Days of disease, median (Q1--Q3)11 (8--19)Fever (°C) ≤37.517 (25%)7.5 (4.825--11.45) 37.6--38.516 (24%)WBC (10^9^/L), median (Q1--Q3) \>38.628 (41%)0.77 (0.5--1) NA7 (10%)ALC (10^9^/L) median (Q1--Q3)PLT (10^9^/L) median (Q1--Q3)172 (11.5--237.5)Cough, *n* (%) Yes32 (47%)DD (10^9^/L) median (Q1--Q3)2447 (1110.75--6885.3) No32 (47%) NA4 (6%)CRP (mg/L) median (Q1--Q3)55.2 (24.4--206.2)Shortness of breath, *n* (%) Yes54 (80%)ESR (mm/h) median (Q1--Q3)68 (36--104) No11 (16%) NA3 (4%)IL-6 (ng/L) median (Q1--Q3)122.5 (45--231.5)*NA* not available, *WBC* white blood cells, *ALC* absolute lymphocytes count, *PLT* platelets, *DD* D-dimer, *CRP* C-reactive protein, *ESR* erythrocyte sedimentation rate, *IL-6* interleukin-6.

All patients had the positive results for SARS-CoV-2 by PCR by nasopharyngeal swab. Information regarding co-morbidities was available for 65 patients. At least one co-morbidity was present in all but three patients, with the most common being hypertension (65%; 42/65) and diabetes or prediabetes (45%; 29/65). Twenty-one of the 65 patients had 1 or more types of cardiac disease, 12 had obesity, 9 had chronic kidney disease, 7 had hyperlipidemia, 7 had dementia, 6 had asthma, 6 had chronic obstructive pulmonary disease (COPD), 4 had undergone either kidney or liver transplant, 2 had HIV, and 2 had hepatitis. Nine patients (13%) had a history of current or prior malignancy. In more than half of patients (60%), at least three preexisting co-morbidities such as diabetes, hypertension, chronic ischemic heart disease, chronic kidney disease, COPD, and/or dementia were reported to be present at the same time. The most common symptoms at onset were shortness of breath (80%), fever (65%), and cough (47%). Premortem laboratory results showed elevated levels of D-dimer in 92% patients with testing (not available in 17 patients), mild thrombocytopenia in 31% (not available in 9), and lymphopenia in 79% (not available in 11). IL-6 level was increased in 31 of 33 patients measured (94%) and CRP elevated in 49 of 50 patients (98%) in which it was measured, with level \>10 in 90%.

While the majority presented with, or developed respiratory failure during hospitalization, only 27 (40%) were intubated with mechanical ventilation. Reasons for this were varied but included do not intubate orders and the rapidity of disease progression. The presence of an associated or superimposed nonviral (bacterial or fungal) pneumonia by antemortem or postmortem culture with consistent histological examination, or by special stains for microorganisms was seen in 18 patients (26.5%).

Pathological findings {#Sec8}
---------------------

Macroscopic examination showed congested and edematous lungs with patchy involvement as well as area of diffuse consolidation. This was evidenced by combined weight of \>1300 g (normal average 840 g; upper limit of normal 1300) \[[@CR28]\] in 92% of evaluable cases. Gross patterns of parenchymal involvement included primarily diffuse consolidation as well as patchy areas of firm discoloration (Fig. [1a, b](#Fig1){ref-type="fig"}).Fig. 1Gross pathology, lung parenchyma.**a** This right lung alone weighed 1100 g and showed diffuse consolidation. **b** A pattern of patchy areas of gray--white consolidation was also frequently seen.

In the majority of cases upper airways (trachea and large bronchi) were widely patent without mucus plugs. Focal white patches were seen (Fig. [2a, b](#Fig2){ref-type="fig"}), which histologically showed mucosal ulceration with mixed inflammatory cell infiltration including neutrophils and fibrin (Fig. [2c, d](#Fig2){ref-type="fig"}). Large airway inflammation was seen in 92% (35/38) patients who were never intubated, including acute inflammation in 45% (17/38) and chronic inflammation in 47% (18/38). No significant association was seen with large airway inflammation overall, acute inflammation, or chronic inflammation and intubation, by Fisher's exact test. Also, large airway inflammation was seen in 94% (45/48) of patients with no associated bacterial or fungal pneumonia, including acute large airway inflammation in 52%. No significant relationship was seen between large airway inflammation (overall, acute, and chronic) and acute bacterial or fungal pneumonia, by Fisher's exact test.Fig. 2Tracheobronchial inflammation in COVID-19.**a**, **b** are gross photographs of trachea and main stem bronchus showing circumscribed white patches of 2.0--3.0 mm in diameter. **c** Microscopy of these lesions show ulceration with acute and chronic inflammation, **d** some with associated necrosis and fibrin. (**a**, **b** Gross photograph, Hematoxylin and eosin stain, **c** ×50 and **d** ×100).

Microscopic evaluation of lungs was scored in different anatomic areas (airways, alveoli, and vascular bed) for patterns of injury showing frequent presence of airways inflammation and alveolar zones with hyaline membranes and type 2 pneumocyte (AT2 cell) hyperplasia. Less frequently encountered, were interstitial fibroblastic proliferation with fibromyxoid stroma, organizing pneumonia, squamous metaplasia, and alveolar wall acute inflammation (Table [2](#Tab2){ref-type="table"}). AT2 cell hyperplasia and interstitial fibroblastic proliferation was more likely to be identified with longer duration of illness (Fig. [3](#Fig3){ref-type="fig"}). However, diffuse hyaline membranes were seen in patients with both short and longer duration of disease, with an average day of illness of just under 15 days (Fig. [3](#Fig3){ref-type="fig"}). Of the nine patients without hyaline membranes, five had acute inflammation of alveolar walls, three had saddle or main pulmonary artery emboli, and one had cardiac disease and little pulmonary involvement.Table 2Main pathological data of the study population.ParametersTotal (*N* = 68)ParametersTotal (*N* = 68)AirwaysOther lesions Tracheobronchial inflammation, *n* (%) Number of other pathological lesions detected, *n* (%) Acute, diffuse24 (35%) Absent27 (40%) Acute, focal8 (12%) 131 (45%) Chronic, diffuse28 (41%) 28 (12%) Chronic, focal0 ≥32 (3%) Absent4 (6%) Not available4 (6%)Alveolar spaceAlveolar wall Acute inflammation, *n* (%) Acute inflammation, *n* (%) Present, diffuse18 (27%) Present, diffuse29 (43%) Present, focal11 (16%) Present, focal5 (7%) Absent39 (57%) Absent34 (50%) Chronic inflammation, *n* (%) Chronic inflammation, *n* (%) Present, diffuse55 (81%) Present, diffuse59 (87%) Present, focal8 (12%) Present, focal6 (9%) Absent5 (7%) Absent3 (4%) Hyaline membranes, *n* (%) Pneumocyte type II hyperplasia with interstitial fibroblasts, *n* (%) Present, diffuse42 (61.8%) Present, diffuse17 (25%) Present, focal17 (25%) Present, focal7 (10%) Absent9 (13.2%) Absent44 (65%) Pneumocyte type II hyperplasia, *n* (%) Present, diffuse37 (54.4%)Vessels Present, focal9 (13.2%) Microthrombi, *n* (%)44 (65%) Absent22 (32.4%) Present, diffuse13 (19%) Present, focal11 (16%) Absent Organizing Pneumonia, *n* (%) Present, diffuse11 (16%) Large thrombi, *n* (%)22 (32%) Present, focal12 (18%) Present, diffuse7 (10%) Absent45 (66%) Present, focal39 (58%) AbsentFig. 3Scoring of lung pathology, by days of disease.The frequency of lung findings scored as absent, focal, or diffuse by percent of total patients evaluated for that feature is shown on the left axis (bar graph) while the average days of illness for that feature (absent, focal, or diffuse) is shown on right axis (line graph).

Typical features of DAD with hyaline membranes (Fig. [4a](#Fig4){ref-type="fig"}) and AT2 cell hyperplasia (Fig. [4b](#Fig4){ref-type="fig"}) were present, at least focally, in 87% of patients. Pneumocytes frequently appeared atypical, enlarged, and sometimes multinucleated with syncytial features (Fig. [4c](#Fig4){ref-type="fig"}) as well as basophilic intracytoplasmic inclusions (Fig. [4d](#Fig4){ref-type="fig"}). However, these were not confirmed by immunohistochemistry, in situ hybridization or EM to be viral inclusions. Nuclear inclusions were not seen. Organizing pneumonia (34%) and squamous metaplasia (43%) were seen in those autopsies with a longer disease duration (Figs. [5a, b](#Fig5){ref-type="fig"} and [3](#Fig3){ref-type="fig"}), with a range of 5--34 days and 5--32 days, respectively. For organizing pneumonia, diffuse disease was seen in only two cases with under 10 days of disease. An alveolar wall injury with neutrophils or lymphocytes with capillary proliferation and necrosis was seen in a subset of cases, as shown in Fig. [5c](#Fig5){ref-type="fig"}, suggesting an endotheliitis.Fig. 4Patterns of acute respiratory distress syndrome.**a** A combination of hyaline membranes, type 2 cell hyperplasia, and interstitial fibroblastic proliferation is shown. **b** Type 2 pneumocyte hyperplasia without fibroblastic proliferation. **c** Pneumocytes were enlarged and atypical, with (**d**) some pneumocytes showing multinucleated syncytial features and/or basophilic intracytoplasmic inclusions (Hematoxylin and eosin stain, **a**, **b**, **c** ×100, **d** ×150).Fig. 5Less commonly encountered histologic features.**a** Young collagen with features of organizing pneumonia. **b** Squamous metaplasia in alveolar space. **c** Alveolar wall injury with neutrophils, and endothelial injury was seen in a subset of early disease duration cases (Hematoxylin and eosin stain, **a**, **b**, **c** ×100).

Large vessel thrombi were seen, focally or diffusely, in 42% of autopsied lungs (Fig. [6a](#Fig6){ref-type="fig"}). These were seen in patients with longer average disease duration (Fig. [3](#Fig3){ref-type="fig"}). In addition, microthrombi, distinct from grossly visible large thrombi, containing fibrin and platelets were frequently detected in small arteries (\<1.0 mm) and in alveolar capillaries, in some instances mixed with inflammatory cells (Fig. [6b, c](#Fig6){ref-type="fig"}). Of the 44 patients with diffuse microthrombi, 17 (39%) has larger vessel thrombi. Of the 22 patients with diffuse large vessel thrombi, 17 (77%) also had microthrombi. Some thrombi were rich in platelets, seen as granular intravascular material and highlighted by CD61 immunohistochemistry (Fig. [6d](#Fig6){ref-type="fig"}). These microthrombi were consistently detected, at least focally and often diffusely, in 84% of lungs. The diffuse finding of microthrombi was seen with shorter average disease duration as compared to larger vessel thrombi. Interestingly, while anticoagulation therapy was reported in 71% (48/68) of patients, 46% (22/48) of anticoagulated patients had large thrombi, and 88% (42/48) had microthrombi of arterioles and capillaries. No significant association was seen between anticoagulation therapy and the presence of large thrombi or microthrombi, by Fisher's exact test.Fig. 6Vascular injury in COVID-19 lung.**a** A gross image showing multiple thrombi. **b** In addition to large thrombi, smaller caliber arteries showing fibrin thrombi. **c** Thrombi were seen in small arteries, including precapillary channels). **d** In some cases, thrombi were predominantly composed of platelets, and were also seen in the capillary bed. **e** The endothelial basement membrane was diffusely reduplicated. At higher magnification some putative viral particles were evident in endothelial cell cytoplasm. **f** Endothelial cells were swollen and showed numerous instances of cytoplasmic vacuolization. EC endothelial cell; EBM endothelial basement membrane; Ly lymphocyte; RC red cell (**a**---gross photograph, Hematoxylin and eosin **b**, **c**, ×100, CD61 diaminobenzidine immunohistochemistry, ×100, **e**--**f** transmission electron microscopy **e** ×12,000, inset ×70,000, **f** ×6000).

The presence of vascular injury without prominent DAD histology was observed in 11 patients, including increased alveolar neutrophils or endothelial reaction with or without fibrin. This was not associated with extra-pulmonary vasculitis, and the clinical presentation included fever, cough, and shortness of breath. In one case this was associated with rapid progression within 24 h; however, this was not a consistent finding. Immunohistochemistry and in situ hybridization was performed in 2 of 11 of these cases, and endothelial reactivity was not observed. Ultrastructural analysis of small blood vessels showed several alterations in one case: swelling of the cytoplasm with vacuolization and reduplication of basement membrane (Fig. [6e](#Fig6){ref-type="fig"}, f). At higher magnification, putative viral particles were detected in endothelial cell cytoplasm (Fig. [6e](#Fig6){ref-type="fig"}, inset).

Other histological lesions, including infections (mainly bacterial, rarely fungi and mycobacterial), tumors (three malignant and one benign), aspiration pneumonia (two cases), and lung infarcts (eight cases) were detected in 60% of cases.

Ancillary studies were performed to confirm the presence of virus in different cell types. Immunohistochemistry for viral spike protein and RNA in situ hybridization for viral spike RNA showed reactivity in tracheal epithelium (Fig. [7a, b](#Fig7){ref-type="fig"}) and in areas of hyaline membranes as well as atypical alveolar AT2 cells (Fig. [7c--e](#Fig7){ref-type="fig"}). Ultrastructural examination confirmed the presence of coronavirus in an AT2 cell (Fig. [7f](#Fig7){ref-type="fig"}).Fig. 7Ancillary studies for tissue-based viral detection.**a** Immunohistochemistry for viral spike protein in tracheal epithelium. **b** RNAish for viral spike protein RNA, in same case as in (**a**). **c** Immunohistochemistry for viral spike protein in hyaline membranes and adjacent cells with (**d**) RNAish for viral spike protein RNA in the same area of a serial section as (**c**). **e** Lung tissue with area of new injury with background organization showing RNAish for viral spike protein in probable AT2 cells. **f** Electron microscopy showing a viral particle measuring 67.3 nm with electron-dense surface and the typical spikes in pneumocyte cytoplasm (**a**, **c** Alkaline phosphatase immunohistochemistry ×150, ×100, **b**, **d**, **e** Diaminobenzidine RNAish ×150, ×100, ×150, **f** Transmission electron microscopy, ×100,000).

Correlation of immunohistochemistry and RNA in situ findings and duration of disease was performed in 23 cases (Fig. [8](#Fig8){ref-type="fig"}). Interestingly, the majority of autopsy lungs in the first 2 weeks of disease had evidence of viral infection in the lung, seen in hyaline membranes and adjacent cells. These foci were often patchy. Less frequently, IHC and in situ positive cases were seen beyond 2 weeks. The evaluation of viral lung culture in six patients showed viable SARS-CoV-2 in all cases, mainly within the first 2 weeks, with one exception, after 26 days from clinical presentation.Fig. 8COVID-19 in lung tissue by week of disease.Immunohistochemistry for viral spike protein, with positives confirmed by RNAish, tabulated by week of disease. Each box is one positive case with red positive, and green negative. The autopsy finding of associated immediate cause of death, if not solely from COVID-19 lung injury, is shown by symbols.

Discussion {#Sec9}
==========

We report a detailed examination of lung pathology in a series of 68 cases of COVID-19 positive patients, autopsied in three institutions, two in New York City and one in Italy, regions severely affected by the COVID-19 pandemic. The clinical and histologic findings were similar among the three institutions despite differing patient populations between the Italian and US cohorts. Our clinical findings are consistent with those seen in the current literature---that is older males with a high rate of co-morbid conditions \[[@CR29]\]. Interestingly, we report a relatively low rate of current smokers, as well as a large proportion of never smokers, a finding consistent with previous reports \[[@CR29], [@CR30]\]. In contrast, other studies report ongoing smoking and COPD associated with progression and poor outcome in COVID-19 \[[@CR31]\] explained by upregulation of ACE2 in lower airway \[[@CR32], [@CR33]\]. This leaves the role of smoking in COVID-19 severity inconclusive requiring larger series for confirmation; but smoking may be an important co-morbidity along with, for example, diabetes and hypertension, to create the same severity and possibly a cumulative effect of co-morbidities on COVID-19 outcome.

This novel virus was identified as a cause for pneumonia in China \[[@CR1]\]. Much of the recognition of this pneumonia has been radiologic, described as ground glass nodules with progression to consolidation \[[@CR34]\]. Descriptions include and unilateral or bilateral lower lobe location with progression from unilateral to bilateral disease, with greater morbidity when consolidation and air bronchograms are present. This pattern of illness has been reported to evolve over 1--3 weeks \[[@CR15], [@CR35], [@CR36]\]. Thus, radiologists already identify certain features as classical for COVID-19. The pathology of this progression remains complex, but we have shown the frequent presence of tracheobronchial inflammation, histologic features of DAD at different stages, chronic interstitial inflammation, and vascular injury. Small and large vessel thrombi are seen with a subset of cases showing foci of acute capillary injury with neutrophils and necrosis. These findings suggest upper airway to alveolar progression, alongside unique vascular, and thrombosis-induced injury.

COVID-19 as a disease of tracheobronchial and AT2 epithelial injury {#Sec10}
-------------------------------------------------------------------

Severe forms of tracheobronchitis were consistently present in 88% of our cases. The SARS-CoV-2 inflammation of the trachea and bronchus was very frequent and appeared to coincide with small white aphthous ulcers grossly, which were often 2--3 mm in diameter, and sometimes relatively focal. Although some of these lesions could represent an iatrogenic effect of ventilation and superimposed bacterial infection, no association with intubation or bacterial pneumonia was seen. Thus, they more likely represent an intrinsic feature of the disease. Large airway findings have also been found by lung scintigraphy in a COVID-19 nonsmoker patient, with intense uptake on the proximal bronchi \[[@CR37]\]. While in SARS and MERS this aspect was not emphasized, in H1N1 acute inflammatory cells and tracheobronchitis were a reported feature \[[@CR38]\]. It was confirmed that tracheal epithelium and pneumocytes were virally infected \[[@CR39]\]. Of note, other published series of biopsy only autopsies, or without special attention to tracheal and large bronchial sampling would not detect this alteration.

Mirroring the published radiological findings, pulmonary pathology was progressive in our autopsies, based on clinical course and histologic findings including subacute changes such as squamous metaplasia and fibroblastic proliferation alongside more acute changes such as hyaline membranes. Macroscopic nodularity represented patches of acute lung injury rather than organizing pneumonia. However, the histology speaks to a progressive disease that begins in the airway and extends to alveolar zones. This is evidenced by resolving organizing pneumonia, interstitial fibroblasts, and squamous metaplasia alongside acute DAD; therefore, some of this subacute injury likely precedes overt clinical symptoms---or at a minimum the severe respiratory ones. The cause of acceleration of respiratory disease remains uncertain but the finding of virus in AT2 cells and hyaline membranes amidst acute and organizing disease supports ongoing viral induced AT2 injury. Recent studies of 7 and 8 patients support the view that early disease is related to virus \[[@CR40], [@CR41]\]; however, our immunohistochemistry and in situ hybridization findings in 23 patients, by week of disease, suggest new hyaline membrane associated injury is often related to virus within 2 weeks, and in some instances up to 4 weeks. This was also suggested by culture data. This may in part explain the juxtaposition of subacute changes (type 2 hyperplasia, fibroblasts, organizing pneumonia, and squamous metaplasia) with new injury. In fact, the foci of lung injury that are positive for virus are quite patchy and variable within the sampled lung and may account for the temporal heterogeneity of the DAD.

The involvement of the respiratory tract epithelium is not unexpected, since we have now a better understanding of the host cellular features needed for viral entry. The combination of ACE2 and transmembrane protease serine 2 (TMPRSS2) allows for viral entry into cells of the nasopharynx and large upper airway, as well in the alveolar AT2 cells \[[@CR42]\]. This distribution fits well with the patterns of lung injury both in the upper airway and in the distal alveolar lung tissue. In our case series, the presence of the virus was characterized by EM, immunohistochemistry, and RNA in situ hybridization, in distal type 2 cell epithelium was predicted by the ACE2/TMPRSS2 cellular distribution, speaks to viral infection as one cause of ongoing alveolar injury.

COVID-19 pneumonia as a vascular and thrombotic disease {#Sec11}
-------------------------------------------------------

In our extensive sampling, thrombi and vascular injury of both small- and mid-sized pulmonary vessels are a common alteration. Sometimes thrombi were not associated with areas of acute lung injury, distinct from SARS where they were described in areas of acute DAD. Many thrombi were platelet rich, confirmed by CD61 immunohistochemistry. While vascular thrombi, both fibrin and platelet types, are reported as a component of DAD and would be expected to some extent given the damage to the alveolar capillary barrier and subsequent activation of repair mechanisms and the coagulation cascade, it does appear that the frequency and severity of this finding is higher in COVID-19. In addition, several of our cases had platelet thrombi or thrombotic microangiopathy in other organs including heart, skeletal muscle, kidney, liver, central nervous system, and soft tissue (data not shown). Interestingly, the frequency of large thrombi and microthrombi at autopsy was not associated with reported anticoagulation therapy.

Whether due to direct viral infection of endothelial cells, hypercoagulable state, or related to systemic immune reaction with the subsequent activation of thrombotic pathways, the vasculature of the lung and other organs appear to be a key aspect of COVID-19 disease pathogenesis. It is not an unexpected finding, as ACE2 receptors are also expressed on endothelial cells and the presence of viral inclusion particles has already been recently demonstrated by EM \[[@CR43]\] and supported here. Whether the mechanism for micro-thrombus formation is distinct from the mechanism of larger vessel thrombosis is unknown; it is possible that deep lower extremity venous thrombosis and deep peri-prostatic venous plexus thrombosis, as suggested by the Hamburg series \[[@CR22]\], accounts for the larger vessel thrombosis. The importance of this observation is that the prevention of platelet microthrombi and larger vessel "coagulation-based" thrombi may require different therapeutic approaches.

A noteworthy finding concerns neutrophil granulocytes. While neutrophils may reflect superinfection and ventilator associated pneumonia, a subset of our cases had rapid progression to severe respiratory failure without evidence of superinfection and without mechanical ventilation. In these particular cases, neutrophils were seen in association with alveolar wall injury, necrosis, and microthrombi. Whether this represents a common early stage of alveolitis and endotheliitis in all cases, eventually obscured by diffuse acute lung injury, or a manifestation of only a subset of rapid progressors is unknown. However, the ability of neutrophils to release neutrophil extracellular traps to drive acute tracheobronchitis, ARDS, and thrombosis has been suggested \[[@CR44]\], and blocking their formation may be an avenue to ameliorating the severity of COVID-19 in at least a subset of patients.

Duality of epithelial and vascular injury---support from other COVID-19 series and prior global viral pandemics {#Sec12}
---------------------------------------------------------------------------------------------------------------

Histological examinations of lungs have been relatively limited in number, related to the strict and rigorous guidelines for autopsy and restrictions of lung surgery during the pandemic. The first paper reported severe pulmonary damage with features of acute lung injury \[[@CR45]\]. Most findings, from single institution case series, have also described edema and proteinaceous exudates with AT2 hyperplasia \[[@CR46]\], perivascular lymphocytic inflammation with possible inclusions in atypical AT2 cells \[[@CR47]\], large airway mucus plugging with hyaline membranes and inflammation \[[@CR17]\]. Interestingly, in a series of six cases of postmortem biopsies, a pattern of acute fibrinous and organizing pneumonia (AFOP) but not other acute lung injury, was reported \[[@CR16]\]; this pattern was not seen in our series. A 21 case autopsy series showed capillary congestion, microthrombi (10 cases), superimposed bronchopneumonia, pulmonary embolism (4 cases), hemorrhage (3 cases), and vasculitis \[[@CR1]\]. A thrombotic microangiopathy was also seen in three cases. This series reported an association with diabetes, hypertension, obesity, vascular disease, and was also male predominant in its involvement \[[@CR48]\], similar to our series. A report of biopsy autopsies showed hyaline membranes, AT2 cell hyperplasia, and changes of DAD in addition to pneumocytes with amphophilic granular cytoplasm \[[@CR49]\]. In report of 12 cases focusing on thromboembolic events, deep venous thrombosis was seen in 58% of patients with pulmonary embolus as the cause of death in four \[[@CR19]\] and DAD in eight. These observations lend support to direct pulmonary epithelial injury as well as vascular/endothelial complications.

Some of the characteristics observed in our case series are shared by prior severe global pandemics, SARS, MERS, and H1N1 influenza. Thus, it is of interest to compare these entities. In severe cases of influenza, patterns of lung injury including DAD in exudative and/or organizing phase were identified \[[@CR38], [@CR39]\]. While descriptions of MERS are fewer in number, DAD, syncytial cells, and disease confined to the lungs was described \[[@CR50]\]. The reports of SARS confirmed these features. Moreover, a temporality has been noted: in cases under 10 days, fibrin and hyaline membranes were demonstrated, and in later cases, type 2 cell hyperplasia, giant cells, and squamous metaplasia \[[@CR51], [@CR52]\]. In another series of 20 autopsies, together with DAD, AFOP was also encountered and squamous metaplasia in cases with a long duration of the disease \[[@CR53]\].

Autopsy studies are limited in that serial sampling in the course of the disease cannot be performed, and the association of clinical parameters with outcome or efficacy of therapeutics cannot be determined. However, the underlying disease injury patterns of severe cases can be reported and put into context with prior viral pulmonary diseases, with the intent that the most severe of complications can be avoided in future patients.

Overall, our series of 68 autopsies from Italy and New York City show a consistent pattern of tracheobronchitis, alveolar injury, and vascular/thrombotic disease in patients with frequent co-morbidities such as hypertension and diabetes. As disease moves from the nasal passages to the upper respiratory tract and then to alveolar zones, acute alveolar injury is seen with viral associated, hyaline membrane lung injury; these foci persist well into week 2 of disease, and on occasion longer. One important manifestation is the high frequency of thrombi, especially platelet thrombi. Our findings highlight a high complexity of COVID-19 disease, involving several compartments, from upper airways (trachea, bronchi) to lung parenchyma, and the vascular bed. All these aspects could have an impact on clinical management. Thus, a deeper awareness and a better knowledge of histological alterations could lead to more appropriate diagnostic and therapeutic approaches.
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